In this work, the results of the application of organic expanded porphyrins in the disinfection of water by the photodynamic inactivation (PDI) technique are presented. The photoinactivation properties of a novel, expanded porphyrin, namely 20-(4-carboxyphenyl)-2,13-dimethyl-3,12-diethyl- (22π) pentaphyrin (PCCox), were tested in the disinfection of water using Staphylococcus aureus as a
INTRODUCTION
The rapid development of industrialisation and population growth and the long-term projection of water scarcity have produced an increasing demand for clean water sources.
To address this problem, various useful strategies and solutions have been adopted, including new forms of water treatment, recovery and reuse. The availability of clean water can be increased by introducing low cost and highly efficient water treatment technologies, and many efforts have been recently carried out in this field.
Recently, many studies have demonstrated that photo processes can be applied for both the decomposition of organic pollutants and the disinfection of water (Hijnen et al. ; Chong et al. ; Sunnotel et al. ) . In most cases, the catalysts are semiconductors such as TiO 2 and the light source is ultraviolet radiation, and photo water treatments using organic dyes and visible light are still in their infancy. In recent years, the application of porphyrin derivatives in photodynamic inactivation (PDI) (Lambrechts et 
MATERIALS AND METHODS

Microorganisms and media
Two model microorganisms were selected to provide a rep- 
Photosensitisers
Pentaphyrin macrocycle 20-(4-carboxyphenyl)-2,13-dimethyl-3,12-diethyl-(22π) pentaphyrin (PCCox) was used in the photo-oxidation tests (Goi et al. ) . This molecule is an expanded porphyrin with an aromatic macrocycle belonging to the class of pentaphyrins (1.1.1.1.1) (Figure 1(a) ). In methanol (ACS reagent, >99.9% Sigma-Aldrich), the molecule exhibited a UV-vis spectrum with a typical high-intensity band at 470 nm (log ε ¼ 3.2) and a broad low-intensity band at 800 nm (log ε ¼ 2.6) (Figure 1(b) ).
The The fluence rates were determined before sample irradiation using a radiometer (DeltaOhm HD 2302.0 connected to an LP 471 RAD probe).
RESULTS AND DISCUSSION
The photo-oxidative effect of PCCox on Gram-positive and Gram-negative bacteria
The use of PCCox has never been tested in disinfection, so the first set of experiments was to investigate its efficiency The photoinactivation experiments were conducted on E. coli, a Gram-negative species, and S. aureus, a Grampositive species, at the same bacterial density (10 8 CFU/mL).
The same PCCox concentration (5 μM) was used on E. coli and S. aureus under a blue multi-LED light (470 nm) at 24 W/m 2 . As shown in Table 1 , PCCox had no activity against E. coli but was efficient in the photoinactivation of S. aureus, obtaining a bacterial inactivation of 99.981% after 1 h of treatment. The rate of inhibition for E. coli was negative, indicating that the bacterial population, which was in the exponential phase of growth during the test, kept its growth capability without being influenced by the photosensitiser.
Influence of the light source on the PDI treatment
To trigger the photodynamic reactions, the radiation must Therefore, the complete sunlight spectrum is needed to excite the complete absorption spectrum of PCCox.
These data also highlight that using an organic photosensitiser with a strong absorption in the blue region of the light spectrum (such as PCCox) also guarantees an efficient disinfection in the deeper layers of the water body, where TiO 2 is not useful.
Moreover, the data obtained regarding S. aureus disinfection (Table 2) This result suggests that the disinfection of the solution with a higher fluence rate did not significantly improve the These results suggest that, by varying the fluence rate, light source and photosensitiser concentration, the PDI process can be optimised in terms of its efficiency and energy costs. It can be noted that the photodynamic irradiation on the bacterial suspension with a concentration of 10 13 CFU/mL resulted in an inactivation degree of more than 10 logarithmic units. This abatement was approximately five times higher than when the concentration of the bacterial suspension is 10 8 CFU/mL. The application of PDI in water treatment also has many advantages related to the possibility of reducing costs, large-scale operational management, personnel qualifications and logistic deficits.
